Heavy-enzyme isotope effects ( 15 N-, 13 C-, and 2 H-labeled protein) explore mass-dependent vibrational modes linked to catalysis. Transition path-sampling (TPS) calculations have predicted femtosecond dynamic coupling at the catalytic site of human purine nucleoside phosphorylase (PNP). Coupling is observed in heavy PNPs, where slowed barrier crossing caused a normal heavyenzyme isotope effect (k chem light /k chem heavy > 1.0). We used TPS to design mutant F159Y PNP, predicted to improve barrier crossing for heavy F159Y PNP, an attempt to generate a rare inverse heavyenzyme isotope effect (k chem light /k chem heavy < 1.0). Steady-state kinetic comparison of light and heavy native PNPs to light and heavy F159Y PNPs revealed similar kinetic properties. Pre-steadystate chemistry was slowed 32-fold in F159Y PNP. Pre-steady-state chemistry compared heavy and light native and F159Y PNPs and found a normal heavy-enzyme isotope effect of 1.31 for native PNP and an inverse effect of 0.75 for F159Y PNP. Increased isotopic mass in F159Y PNP causes more efficient transition state formation. Independent validation of the inverse isotope effect for heavy F159Y PNP came from commitment to catalysis experiments. Most heavy enzymes demonstrate normal heavy-enzyme isotope effects, and F159Y PNP is a rare example of an inverse effect. Crystal structures and TPS dynamics of native and F159Y PNPs explore the catalytic-site geometry associated with these catalytic changes. Experimental validation of TPS predictions for barrier crossing establishes the connection of rapid protein dynamics and vibrational coupling to enzymatic transition state passage.
D
ynamic motions essential for enzyme catalysis occur on timescales from milliseconds for conformational changes to femtosecond bond vibrations associated with chemistry at catalytic sites. The millisecond motions are linked to structural changes during substrate binding (1) and product release, whereas the femtosecond motions are involved in transition state (TS) formation. Alterations of the femtosecond dynamics by isotope substitution in enzymes influence the probability of TS barrier crossing when protein femtosecond motions are coupled to chemistry at catalytic sites (2, 3) .
The femtosecond dynamical effects in heavy purine nucleoside phosphorylase (PNP) on catalysis have been observed experimentally and have been explained by computational transition path sampling (TPS) (4, 5) . TPS can provide insight into the atomic details of chemical reactions without prior knowledge of the reaction coordinate (6) (7) (8) .
Human PNP is a homotrimer that catalyzes the reversible phosphorolysis of 6-oxypurine nucleosides and 6-oxypurine-2′-deoxynucleosides to generate the corresponding purine bases and α-D-ribose (or 2-deoxy-α-D-ribose) 1-phosphates ( Fig. 1) (9) . PNP provides the only metabolic pathway for the degradation of 2′-deoxyguanosine in human cells. Human genetic deficiency of PNP impairs expansion of activated T cells as a consequence of the accumulation of dGTP specifically in activated T cells. An unbalanced deoxynucleotide triphosphate pool leads to apoptotic cell death in the activated T-cell population, with no effect on quiescent T cells (10) . The inhibition of PNP is reported to be therapeutic in T-cell lymphoma and gout disease in clinical trials (11, 12) .
The TS structure of human PNP has been solved by kinetic isotope effect (KIE) analysis and found to be a near fully dissociated ribocation, characteristic of a classic S N 1 mechanism ( Fig. 1) (13) . The purine leaving group and phosphate nucleophile are both activated by the enzyme, distorting the symmetry of the normal modes for phosphate and causing the bound purine to exhibit altered spectral properties (14, 15) . In the femtosecond time period approaching the TS, His257 is hydrogen bonded to the ribosyl 5′-hydroxyl group and directs O5′ toward the O4′ of the purine ring, thus destabilizing the ribosidic bond to facilitate departure of the purine leaving group toward the TS (16) . This motion of His257-O5′-O4′ is one of the enzymereactant promoting vibrations, facilitating TS formation (4, 5) . The motion is symmetrically coupled to the reaction coordinate and is distinct from the antisymmetrically coupled environmental bath that forms a Marcus theory-like environment (17) .
The promoting vibrations of PNP, including His257 and its role in reaction chemistry, have been computationally studied by TPS (1) . Heavy PNP labeled with 15 N, 13 C, and nonexchangeable 2 H has slowed pre-steady-state catalytic-site chemistry and has a lower probability of barrier crossing, but unchanged steady-state kinetic properties (2) . Slowed chemistry in heavy PNP has been interpreted as a mass-dependent slowed femtosecond dynamical search for the catalytic-site geometry permitting TS formation and barrier crossing. It has also been noted that heavy isotope-labeled
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Protein design from first principles is developing rapidly for structural elements, binding domains, and protein-protein interactions. Design of structural elements to generate predictable changes in the fundamental properties of enzymatic catalysis remains challenging, requiring input from protein dynamics and the quantum chemical effects of transition state formation and barrier crossing. Human purine nucleoside phosphorylase (PNP) has a well-understood mechanism of catalysis, which includes rapid protein dynamics. PNP was used in a design program to alter the catalytic-site response to heavyatom substitution in the enzyme protein. Native PNP exhibits slowed chemistry when made heavy with 2 H, 13 C, and 15 N. We succeeded in designing a second-sphere mutation with improved promoting vibrations to catalyze faster chemistry in response to heavy PNP.
PNP alters the nuclear mass and bond vibrational frequencies without affecting the electrostatics of the enzyme according to the Born-Oppenheimer approximation (2) . Speculation that heavyenzyme effects in PNP are dominated by electronic properties of deuterium (18) , rather than nuclear mass, has been disproven (3).
Here, we explored mutants of PNP by TPS analysis of amino acids adjacent to the residues directly involved in the catalytic site. The goal was to design a structural variant of heavy-enzyme PNP in which the heavy enzyme has an improved rate of catalytic-site chemistry by facilitating TS formation and barrier crossing. This design program was motivated by the combined TPS computational and experimental studies on native and heavy Escherichia coli dihydrofolate reductase. This enzyme differs from PNP by exhibiting no heavy-enzyme effect on barrier crossing (19, 20) .
TPS calculations predicted that a F159Y mutation in PNP would facilitate barrier crossing in this altered heavy-atom PNP. Kinetic and structural characterization of light and heavy F159Y PNPs established that the TPS-predicted alterations in the femtosecond motions linked to chemical barrier crossing does indeed facilitate TS formation.
The O5′-O4′ atomic compression in native PNP is coordinated with TS barrier crossing, but in the native heavy enzyme, this motion is mistimed, leading to a less frequent formation of the TS (4). In addition, the value of this distance during the reaction event differs between the heavy and native PNP enzymes. In the heavy F159Y mutant, the heavy amino acids increase the probability of finding the TS, that is, the dynamical characteristics that lead to TS formation have been restored to overcome the heavy-atom effect. Specifically, both the timing of the compression and the extent of compression to its minimal value have been improved.
Results and Discussion
Enzyme Design Strategy. Our goal was to alter the catalytic effects that heavy isotopic substitution caused in the chemistry of human PNP relative to the light protein. After examination of the geometries of the active sites of the native and heavy enzymes and of the reactive trajectories of the previous analysis (5), the goal was to identify a residue close to His257 with an orientation that would favor either compression of the His257-O5′-O4′ oxygen atoms identified as the mass-influenced motion of His257, or directly influence the motion of O5′. The catalytic site of the PNP enzyme includes a residue, Phe159, belonging to the adjacent monomer, in a hydrophobic loop, immediately conterminous to the ribosyl moiety (Fig. 1B) . It is not a highly conserved amino acid among the PNPs. Its side chain is pointing toward the active site but is not in van der Waals contact with the reactants. The position of the aromatic ring is parallel to the His257 ring and is placed close to atoms ND1 of His257 and is therefore in a position to influence the motion of the His257-O5′-O4′ promoting vibration (Fig. 1B) . The TPS analysis suggested that the orientation and location make Phe159 a candidate for mutation.
Mutation of Phe159 to tyrosine (hereafter F159Y) alters the character by adding a hydroxyl group. This mutation was selected with the expectation that the altered residue would help position His257 to interact favorably with O5′ in the heavy PNP and increase the probability of optimizing interactions toward the TS.
Effects of F159Y Mutation on Kinetics. Steady-state MichaelisMenten kinetics for the light-and heavy-isotope-labeled PNPs were measured for guanosine phosphorolysis (Fig. S1 ). The k cat and K m values for light and heavy native PNPs, and for light and heavy F159Y PNPs are largely unchanged by enzyme mass. Purine leaving-group product release is rate limiting in steady-state kinetic analysis for human PNP and is limited by large loop motions (21) . The kinetic results indicate the loop conformational changes related to product release are not strongly affected by mutating native PNP to F159Y PNP or by the mass change between the light and heavy F159Y PNPs ( Fig. S2 and S3) .
In contrast to the unchanged k cat values found for heavy and light F159Y PNPs, the K m value is modestly increased by the increased mass of F159Y PNP. Steady-state kinetic rates are governed by the slow conformational changes linked to substrate binding and product release. However, the enzymatic mass effects on the chemical step are also linked to the internal enzymatic step of barrier crossing, the probability of finding the TS for enzyme-substrate complexes. Guanosine bound to F159Y PNP shows a larger forward chemical commitment (see below), consistent with contributions from the chemical step in the K m value according to the Michaelis-Menten formulation.
Catalytic-Site Chemistry Predicted by TPS. The dynamics of the His257-O5′-O4′ distance compression is altered by heavy-atom substitutions in native PNPs, and this His257-O5′-O4′ parameter is restored in the designed heavy F159Y PNP mutant (Table  1) . Both light and heavy F159Y PNPs achieve full compression comparable to that of native light PNP. However, in the light F159Y, there is mistiming, as the O5′-O4′ distance compression is not coordinated with TS barrier crossing but happens well before the TS formation. Note in the heavy F159Y enzyme the compression is not mistimed. Note also that, in the native heavy enzyme, this compression was also mistimed, reaching its minimal value well after the TS has been formed.
Contour maps of the O5′-O4′ distance were developed as a function of reaction coordinate progression, measured by the The distances are the average of at least 120 barrier crossings from TPS analysis for each species of PNP. difference of bond breaking at C1′-N9 minus the bond forming at C1′-O p distances (Fig. 2 ). For the S N 1 mechanism of PNP, the TS is near zero on the abscissa (Fig. 2) . Plots for all four enzymes, spanning the 500-fs TPS analysis, depict the probability for these specific measures derived from the ensembles of the 210 or 120 reactive trajectories generated with TPS for native and F159Y PNPs, respectively. They represent the most probable paths of reaction, when these paths are parameterized by the O5′-O4′and bond-breaking and bond-forming distances.
For native PNP, the O5′-O4′ distance is highly populated at ∼3 Å for the reactant state and becomes shorter as reactive trajectories approach the TS, where it reaches a minimum of 2.56 Å (Table 1 and Fig. 2A ). Heavy F159Y reactive trajectories follow similar paths as the native enzyme, with the O5′-O4′ reactant distance highly populated at 3.25 Å and reaching a minimum of 2.60 Å at the TS (Fig. 2D) . In contrast, native heavy PNP reactive trajectories have the O5′-O4′ distance highly populated at 2.5 Å for reactants (Fig. 2B) . The distance increases along the reaction coordinate and has a distance of 2.94 Å at the TS. Finally, for the light F159Y PNP, the O5′-O4′ distance is highly populated at 3.3-3.6 Å for reactants, and its distance decreases to only 3.02 Å at the TS, consistent with this being the least catalytically active species of these PNPs (Fig. 2C) .
The difference in the dynamical behavior of His257-linked compression of the ribosyl O5′-O4′ distance for heavy and light F159Y PNP is related to the probability of TS formation. This dynamic motion provides a partial explanation for the improved barrier crossing for heavy F159Y compared with the light F159Y.
Formation of the TS for PNP also requires purine leaving-group interactions to be coordinated with ribocation formation and phosphate activation. An additional leaving-group interaction is the double-hydrogen bond interaction between Asn243 and the purine base, and is considered below.
The geometrical properties of the TS structures for native and F159Y PNPs were examined to explore differences that can further illuminate the central differences (Table S1 ). The bond-breaking and bond-forming distances of the mutated enzymes at the TSs are different. Heavy F159Y and native PNPs are closely related, whereas the bond-breaking distance in light F159Y is larger by 0.5 Å and the bond-forming distance by 0.20 Å, a loose TS. Earlier studies with the TS structure of human PNP also demonstrated that mutations remote from the catalytic sites are capable of altering TS structure (22) .
We also examined the differences of interaction between Asn243 and the purine leaving group for light and heavy F159Y PNPs (Fig. S4) . The Asn243 interaction that corresponds to the TS (located near the zero of the abscissa) in the heavy F159Y is 2.82 Å. This close interaction does not occur in light F159Y PNP, where Asn243 is 3.8 Å away from the guanosine leaving group at the TS. Because this residue is important for stabilizing the leaving group, it plays a diminished role in light F159Y and is likely to contribute to the inverse heavy-atom isotope effect.
Experimental Analysis of Catalytic-Site Chemistry. The rate of the chemical step at the catalytic sites of light and heavy PNPs was determined for guanosine phosphorolysis by stopped-flow experiments in single-turnover conditions. The molar concentration of enzyme was in excess of the guanosine concentration to limit chemistry to a single catalytic event and thereby approximate first-order rate constants of guanine formation. This constant is independent of enzyme concentration, an essential experimental condition when comparing enzymes from different purifications. Guanosine in solution or bound to PNP is weakly fluorescent. Conversion to enzyme-bound guanine causes a fluorescent increase, which is lost when guanine is released to solution (15) . The fluorescent signal of enzyme-bound guanine is thus a convenient measure of catalytic-site chemistry in PNP. Earlier studies of heavy-PNP catalysis used arsenolysis (2). Here, phosphorolysis was examined in both the computational TPS and the experimental determinations.
The F159Y mutation in PNP decreased the pre-steady-state chemistry (k chem ) 32-fold, from 263 to 8.3 per second. This decreased catalytic efficiency is seen only in single-turnover kinetics as the k cat for steady-state kinetics is similar for native and F159Y PNPs. Similar steady-state kinetics is a consequence of slow product release as the rate-limiting step for PNPs ( Table 2 ). The catalytic-site chemistry heavy-enzyme isotope effect (k chem light / k chem heavy ) for native PNP was 1.31, with heavy enzyme slower compared with light enzyme, consistent with, and confirming earlier reports (2, 3) . In contrast, the heavy-enzyme isotope effect (k chem light /k chem heavy ) for heavy F159Y PNP was 0.75 with the chemical step increased in the heavy enzyme. The mutation has increased the probability of dynamic motions to find the TS configuration in heavy F159Y PNP relative to the light enzyme ( Fig. 3 and Table 2 ). The absolute magnitude of the heavy-enzyme effect is similar, but opposite in sign, for the native and F159Y PNPs. This factor is the sum of timing and frequency influences of heavyprotein motions for the PNPs. . The "terrain" color map (green for "plains," i.e., zero density, up to white for "mountains," i.e., maximum density of structures) represents the allocation of a pair of the above distances among structures along the reaction path. Contour maps that join points with equal density have also been drawn. Fig. 3 and Mechanism 1 ). An independent analysis of the heavyenzyme effects on catalysis can be obtained from the isotope partition experiments pioneered by Rose et al. (23) . Isotope partition, also known as substrate-trapping or forward-commitment (C f ) experiments, follows the distribution of isotopically labeled guanosine (Fig. S5 ) from a PNP-guanosine complex after addition of excess unlabeled guanosine and phosphate to initiate the reaction or dissociation of bound, labeled guanosine (Mechanism 1). Presteady-state kinetic analysis indicates that the barrier for chemistry in native PNP is higher for heavy than light enzyme, but is lower for heavy than for light F169Y PNP ( Fig. 3 and Table 2 ). For native PNP, guanosine isotope partition experiments demonstrated less bound guanosine converted to product in heavy than light enzyme (2). However, the inverse enzyme KIE for F159Y PNP predicts more bound guanosine should be converted to product in heavy than in light F159Y PNP complexes. The fraction of bound guanosine converted to product (Y in Mechanism 1) is dependent on k 5 , the step forming ribose 1-phosphate (R1P) and on steps describing guanosine release without reaction. Quantitation of the E-Guo complex requires knowledge of K d for heavy and light enzymes. We used the isotope partition method with varied guanosine concentrations to establish the K d for guanosine under conditions of the isotope partition experiments (24, 25) . The K d values for light and heavy F159Y PNPs were 39 ± 8 and 42 ± 4 μM, respectively (Fig. S6) . These values agree well with the reported dissociation constant (K d ) of 40 μM for the native PNP-guanosine complex (15) .
The forward-commitment factors (C f ) for light and heavy PNPs indicate the probability for reactants in the Michaelis complex to be converted to products relative to diffusive release to the solution reactant pool, expressed as the ratio of the rate constants for the chemical step to the rate constant of dissociation of the substrate from the enzyme-substrate complex (C f = k chem /k off ). The fractions of bound guanosine committed to guanosine phosphorolysis (Y in Mechanism 1) were 0.39 ± 0.003 and 0.72 ± 0.01 for light and heavy F159Y PNP, respectively (Fig. 4 and Table 2 ). The larger forward commitment of heavy F159Y PNP confirms the pre-steady-state analysis that the TS free-energy barrier for heavy F159Y PNP is lower than for light F159Y PNP, an independent analysis of the increased k chem for heavy F159Y PNP. Values for Y obtained by isotope partition analysis also depend on denominator steps k 2 , k 4 , and k 7 . A small increase in one (or more) of these constants for heavy Y159F PNP readily accounts for the slightly larger than expected heavy-isotope Y value (Mechanism 1, and Table 2 ).
Opposite to the heavy F159Y PNP effect, catalytic-site guanosine phosphorolysis for native light and heavy PNP gave 0.96 ± 0.01 and 0.91 ± 0.02 fractional trapping of bound guanosine, respectively, consistent with a lower TS barrier for the light form of native PNP (Fig. 4 and (26, 27) . The structure of the F159Y PNP-DADMe-ImmG-PO 4 complex was solved in the P2 1 2 1 2 1 space group with two F159Y PNP trimers in the asymmetric unit (Table S2 ). The density of DADMe-ImmG is clearly defined in the structure (Fig. 5) . Except for the N-terminal His 6 tag, all backbone amino acids were readily fit into in the electron density map. A solvent-exposed loop (residues 59-63) with high B factors produced weak density for its side-chain residues.
DADMe-ImmG is bound in the active site with low B factors, similar to the surrounding protein (Fig. 5) . The O3′ of DADMe-ImmG is hydrogen bonded to the hydroxyl of (Tyr88), whereas the O5′ is hydrogen bonded to the side-chain N of His257 (ND1). The His257 in F159Y is offset slightly from its position in native PNP, moved slightly away from bound DADMe-ImmG (Fig. 5) . However, the hydrogen bond distance to the O5′ is 2.7, compared with 2.8 Å in native PNP, within error of the experimental analysis, indicating that the bound DADMe-ImmG maintains a similar hydrogen bond interaction. Tyrosine in the F159Y variant was found to hydrogen bond with the hydroxyl group of the adjacent Tyr88. Tyr159 does not make direct contact with catalytic-site reactants. Its nearest approach is to the O3′ of DADMe-ImmG at 3.9 Å (Fig. 5) . The F159Y substitution thus moves His257 and Y159 both slightly away from catalytic-site reactants relative to the native PNP-DADMe-ImmG-PO 4 complex, consistent with its lower k chem . No other structural changes are apparent near the catalytic site of F159Y PNP (Fig. 5 and Fig. S7 ). The binding contacts of DADMe-ImmG are the same in native (PDB ID code 3PHB) and F159Y PNP (PDB ID code 5UGF; Fig. S7 ), within structural uncertainty.
Comparison of TPS and Crystallographic PNP Structures. TPS analysis generated reactant-path structures at the TS for heavy and light native and F159Y mutant PNPs. These can be compared with the crystal structures of PNP with DADMe-ImmG and PO 4 , which is related to the TS by the TS analog interaction. From TPS analysis, no significant differences are evident in the orientation of His257 Fig. 3 . Representative averaged stopped-flow traces for single-turnover experiments of wild-type (A) and F159Y PNP mutant (B) for guanosine phosphorolysis with 15 μM PNP catalytic-site concentration and 5 μM guanosine in 50 mM phosphate (Materials and Methods). Single turnovers were obtained. In A, the blue trace is light native PNP, and the red trace is heavy PNP. In B, the blue trace is light F159Y PNP, and the red trace is heavy F159Y PNP. The traces of A were fitted to a double-exponential fit, where the fast phase reports the catalytic-site chemistry rate (k chem ) followed by a slower conformational change affecting guanine fluorescence (15) . The traces of B were fitted to a single exponential corresponding to the rate of guanine formation. The curves are offset for clarity. The catalytic-site enzyme chemistry rates of light and heavy PNPs are summarized in Table 2 . C] ribose 1-phosphate (R1P) by k 5 or is released unchanged by steps k 2 + k 4 + k 7 when mixed with excess unlabeled guanosine (Guo) and inorganic phosphate (Pi). The fraction of bound Guo* converted to product (Y) is given by the equation (25) . The values for k 5 are obtained independently from pre-steadystate kinetics (Fig. 3B) . The value for Y is obtained from the isotope partition experiment.
in the F159Y mutant at or near the TS with all His257ND1 -O5′ distances near 2.8 Å. There is a significant change in the interaction of Tyr88, found in a hydrogen bond to O3′ of DADMe-ImmG in crystal structures. At the TS for F159Y PNP, TPS indicates this distance to be 3.4 and 2.9 Å in the light and heavy F159Y PNPs, respectively. Here, the interaction in the heavy enzyme favors TS formation (Table S3 and Fig. S8 ). A significant difference appears in the weak interaction between guanosine and Asn243 (3.8 Å at the TPS TS; see above) in F159Y PNP, whereas this is a favorable interaction of 2.9 Å in the crystal structure and is unchanged from native and F159Y PNPs. This difference at the TS is accessible only through the TPS computational approach.
Further analysis of TPS trajectories at the atomistic level reveals differences for the orientations and relative positions of His257 and Phe159 (mutated to Tyr159) at the TS. As shown in Table S4 and Fig. S9 , the distance between CE2 of the 159 residue and ND1 of residue His257 is 3.95 Å for the native light and 3.85 Å for the light mutant. The difference between native/mutant light for the distance between CZ of residue 159 and ND1 of His257 is 0.5 Å. The orientation of these two residues is almost identical, taking as reference the angle formed by atom CE2 of residue 159 and atoms CG and NE2 of His257. However, in the light mutant, the tyrosine ring has shifted, so that the oxygen atom of the tyrosine ring faces the nitrogen atom (ND1) of the histidine.
For the native heavy and heavy mutant, the orientation of His257 and Phe159 (mutated to Tyr159) does not change significantly, but some important distances do change: the distance between CE2 of the residue 159 and ND1 of residue 257 for the native heavy is 3.97 Å, whereas for the heavy mutant it is 4.59 Å. Similarly to the light enzymes, we note that the tyrosine ring is slightly shifted and tilted, and in a direction perpendicular to the histidine ring the tyrosine oxygen lies directly above the ND1 atom of the histidine ring, which explains the difference in the distances mentioned above.
In summary, the dynamical characteristics that lead to the TS are different between heavy F159Y and light PNP. Specifically, in light F159Y, the O5′-O4' compression is mistimed, the enzyme exhibits a loose TS, and the interaction of Asn243 that stabilizes the leaving group is weak and plays a diminished role. In addition, we observed a change in the interactions between Tyr88 and the ribose moiety, which are stronger for the heavy F159Y and favor TS formation, and saw differences in the relative position and orientation between Tyr159 and His257. All of the above contribute to the inverse heavy-enzyme isotope effect.
Concluding Remarks. Complex motions of amino acids and reactants at the catalytic site of PNP vary on the femtosecond timescale to alter the electrostatic forces forming the TS. In heavy PNP, increased mass alters this dynamical search for the TS, leading to a decrease in the probability of barrier crossing. Our goal here was to use TPS to design a simply modified PNP with altered catalytic-site dynamics to increase the probability of finding the TS in an isotopically heavy enzyme. As no such enzymes have yet been reported, there are computational and experimental challenges to this goal. TPS analysis suggested the F159Y mutation would increase the probability of TS formation in a heavy enzyme by restoring important femtosecond motions linked to barrier crossing. The computational design was tested experimentally and fully supported this prediction.
Materials and Methods
Computational Methods. We used transition path sampling (6) (7) (8) to generate and analyze reactive trajectories and the TS ensemble. TPS is a Monte Carlo search in reactive trajectory space where trajectories are generated according to a Boltzmann distribution; therefore, their ensemble represents the most dynamically probable reactive pathways. We used the CHARMM (28) molecular dynamics package for all simulations. We generated 210 and 120 reactive trajectories of 500 fs for the native and mutated PNPs, respectively. From the harvested reactive trajectories, we identified a TS ensemble of 25 uncorrelated TS structures for the native enzymes and 20 for the mutated enzyme. The contour maps in Fig. 2 were calculated with the R statistics package. Full computational details are available in Supporting Information. Table 2 . Site-Directed Mutagenesis. Site-directed mutagenesis to introduce the second-sphere mutation F159Y in PNP used the Q5 site-directed mutagenesis kit from New England Biolabs as outlined in Supporting Information.
Expression and Purification of Light and Heavy PNPs. The natural abundance (light) and heavy PNPs (wild type and F159Y mutant) were expressed in E. coli (DE3)pLysS strain using a pCR-T7/NT-TOPO expression vector. The expressed PNPs contained 6-histidine affinity tag at the N terminus. The purification of light and heavy PNPs were done as described previously with some modifications, as described in Supporting Information (5).
Steady-State Kinetics. The enzyme kinetics of light and heavy PNPs were performed using a Cary-100 spectrophotometer (Varian) at 25°C. Reaction mixtures contained 50 mM Tris·HCl (pH 7.4), 50 mM inorganic phosphate (Pi), pH 7.4, and varying guanosine concentrations (10-160 μM). Absorbance was recorded at 258 nm after addition of 10 nM light-or heavy-PNP enzymes. The initial rates of absorbance change were calculated with the Varian software. The molar extinction coefficient of −5,500 M −1 ·cm −1 was used for the conversion of guanosine to guanine. The kinetic data fitting was done using Eq. 1, where ν is the initial velocity, V is the maximal velocity, S is the concentration of variable substrate, and K m is the Michaelis constant for the variable substrate:
Single-Turnover Rate Constant. Single-turnover pre-steady-state constants were determined using stopped-flow spectrofluorometer (Applied Photophysics; dead time, ≤1.25 ms) at 25°C. The increase in the fluorescence signal was measured upon the formation of enzyme-bound guanine. The reaction was excited at 280 nm with slit width of 1 mm, and the fluorescence signal above 305 nm was collected using WG305 Scott filter positioned between the photomultiplier and the sample cell. The fluorescence spectra were monitored for 250 ms, and 1,000 points were collected for individual rate curve analysis. Syringe-1 contained 50 mM Tris·HCl (pH 7.4), 50 mM Pi (pH 7.5), and 30 μM either light-or heavy-PNP enzymes. Syringe-2 contained 50 mM Tris·HCl (pH 7.5), 50 mM Pi (pH 7.4), and 10 μM guanosine.
Dissociation Constant and Commitments of F159Y PNP-Guanosine Complex.
The dissociation constants (K d ) and forward-commitment factors (C f ) of light and heavy F159Y PNP-guanosine complexes were determined using isotope-trapping methods of Rose et al. (23, 24) , as detailed in Supporting Information.
Cocrystallization, Structure Determination, Refinement, and Analysis. Light F159Y PNP and DADMe-Immucillin-G (DADMe-ImmG) were used for the crystallographic inhibitor binding studies as detailed in Supporting Information.
